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CENP-I Is Essential for Centromere Function
in Vertebrate Cells
Its functions include sister chromatid cohesion and sep-
aration, microtubule attachment, chromosome move-
ment, and mitotic checkpoint control (Choo, 1997). Al-
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to aneuploidy, cancer, and cell death, the mechanism1PRESTO
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centromeres (Pidoux and Allshire, 2000).University of Edinburgh
Mayfield Road Centromere proteins in vertebrate cells have been
identified primarily by immunological methods. Antibod-Edinburgh EH9 3JR
United Kingdom ies against centromere proteins have been isolated from
patients with autoimmune diseases and from immu-
nized animals, and this has led to the identification of
several centromere-associated proteins known asSummary
CENPs (Moroi et al., 1980; Earnshaw and Rothfield,
1985; Pluta et al., 1995; Craig et al., 1999; Dobie etWe identified a novel essential centromere protein,
al., 1999; Choo, 2000; Tyler-Smith and Floridia, 2000;CENP-I, which shows sequence similarity with fission
Sullivan, 2001; Sullivan et al., 2001). CENP-A, a variantyeast Mis6 protein, and we showed that CENP-I is a
of histone H3, is present in both yeasts (Stoler et al.,constitutive component of the centromere that colo-
1995; Meluh et al., 1998; Takahashi et al., 2000), C. ele-calizes with CENP-A, -C, and -H throughout the cell
gans (Buchwitz et al., 1999), D. melanogaster (Henikoffcycle in vertebrate cells. To determine the precise
et al., 2000; Blower and Karpen, 2001), and vertebratefunction of CENP-I, we examined its role in centromere
cells (Palmer and Margolis, 1987). Immunolocalizationfunction by generating a conditional loss-of-function
of CENP-A suggests a distinct nucleosome structuremutant in the chicken DT40 cell line. In the absence
at the inner kinetochore plate of active centromeresof CENP-I, cells arrested at prometaphase with misa-
(Warburton et al., 1997; C.A. Cooke and W.C.E., unpub-ligned chromosomes for long periods of time. Eventu-
lished data). Nucleosomes can be assembled in vitroally, cells exited mitosis without undergoing cytokine-
from purified CENP-A and from histones H2A, H2B, andsis. Immunocytochemical analysis of CENP-I-deficient
H4 (Yoda et al., 2000). Data from analyses of CENP-Acells demonstrated that both CENP-I and CENP-H are
knockout mice suggest that CENP-A plays a role in earlynecessary for localization of CENP-C but not CENP-A
organization of the centromeric chromatin during in-to the centromere.
terphase (Howman et al., 2000). Therefore, it seems
likely that a centromeric nucleosome containing a spe-
Introduction cific variant of H3 is a fundamental feature of eukaryotic
kinetochore organization (Palmer and Margolis, 1987).
The centromere is an essential component of the chro- To establish kinetochore assembly and function, other
mosome that is required for accurate segregation of centromere components including CENP-C (Saitoh et
chromosomes during mitosis and meiosis in eukaryotes. al., 1992), which is an evolutionarily conserved protein,
interact with the CENP-A-containing nucleosome struc-
ture (Howman et al., 2000; Moore and Roth, 2001;5 Correspondence: tfukagaw@lab.nig.ac.jp
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Oegema et al., 2001). CENP-C is also an important com- Mis6 knockout cells (described below). Subcellular lo-
calization of chicken Mis6-GFP was observed by fluo-ponent in kinetochore function, because inactivation of
CENP-C results in cell death due to kinetochore disrup- rescence microscopy in combination with immunostain-
ing with anti-CENP-C antibody. CENP-C was used as ation, chromosome missegregation, and metaphase ar-
rest (Tomkiel et al., 1994; Fukagawa and Brown, 1997; centromeric marker because it localizes to centromeres
throughout the cell cycle. Chicken Mis6-GFP signalsKalitsis et al., 1998; Fukagawa et al., 1999a). We recently
found that CENP-H, a newly identified centromere com- and anti-CENP-C signals throughout the cell cycle are
shown in Figure 1A. During interphase, Mis6-GFP wasponent, is required for centromere targeting of CENP-C
in vertebrate cells (Fukagawa et al., 2001). colocalized with CENP-C as discrete signals in the nu-
cleus (Figure 1A, panel 1). Colocalization of Mis6-GFPCENP-A, -C, and -H are known to play important roles
in the establishment of centromere identity in cells of with CENP-C was also observed during prophase (Fig-
ure 1A, panel 2), metaphase (Figure 1A, panel 3), andhigher vertebrates, and we hypothesized that there are
other components involved in the centromere function. anaphase (Figure 1A, panel 4) of mitosis. We also gener-
ated a polyclonal antibody against the central regionTherefore, one of the current goals of our research is to
identify and characterize potential centromere compo- of chicken Mis6 and examined the distribution of this
protein in a cell line in which the CENP-H gene had beennents so as to develop an assembly pathway for the
vertebrate kinetochore. In this paper, we report identifi- replaced with a gene encoding CENP-H-GFP (Fukagawa
et al., 2001). CENP-H-GFP signals colocalized with anti-cation of a novel component of vertebrate centromeres,
CENP-I. CENP-I shows sequence similarity with Mis6, Mis6 signals throughout the cell cycle (Figure 1B). Our
results indicate that chicken Mis6 is localized to thewhich is necessary for recruitment of CENP-A to form
proper centromeres in fission yeast (Takahashi et al., centromere throughout the cell cycle in vertebrate cells.
Therefore, we have designated the chicken homolog of2000). We show that CENP-I, like CENP-A, -C, and -H, is
associated with centromeres throughout the cell cycle. Mis6 as centromere protein I (CENP-I).
CENP-I-GFP signals on metaphase chromosomes ofFurthermore, we report the generation of a conditional
mutant of CENP-I in the hyperrecombinogenic chicken DT40 cells showed a typical paired-dot pattern at every
centromere. To determine the precise localization ofB lymphocyte cell line DT40 to evaluate the in vivo func-
tion of CENP-I in higher vertebrate cells. Phenotypic CENP-I on metaphase chromosomes, we stained CENP-
I-GFP-marked chromosomes with anti-BubR1 and anti-analysis of these mutants revealed that CENP-I plays an
essential role in the formation of functional centromeres ZW10 antibodies. BubR1 was shown by immunoelec-
tron microscopy to be localized in the outer kinetochoreand in mitosis. Immunofluorescence analysis of in-
terphase CENP-I cells revealed that CENP-I is neces- plate (Jablonski et al., 1998), and ZW10 is thought to be
localized in the fibrous corona (Starr et al., 1998). Oursary for recruitment of CENP-C and CENP-H to form
functional centromeres in higher vertebrate cells. results indicate that CENP-I is located internal to BubR1
and ZW10 (Figures 1C and 1D). These data, together
with the finding that CENP-C and CENP-I-GFP colocal-Results
ize (Figure 1E), suggest that CENP-I is localized in or
near the inner kinetochore plate.Isolation of a Chicken Gene Homologous
to Fission Yeast Mis6 Gene
Mis6 was previously identified as a centromere-associ- Generation of Conditional Mutants of CENP-I
ated protein in fission yeast (Saitoh et al., 1997). After in DT40 Cells
searching DNA databases, Saitoh et al. (1997) reported To investigate the role of CENP-I in higher vertebrate
a potential vertebrate homolog of Mis6, LRPR1, which cells, we generated conditional mutants of CENP-I in
is regulated by follicle-stimulating hormone. However, which cells with disruptions of the CENP-I gene were
the function of this early response protein and its relation sustained by expression of the CENP-I cDNA under con-
to the centromere are unknown. Therefore, we at- trol of a tetracycline (tet)-repressible promoter. A CENP-I
tempted to isolate a chicken homolog of Mis6 to charac- deletion construct was generated such that the 2.5 kb
terize the gene product in chicken DT40 cells. We cloned genomic fragment encoding amino acids 221–402 was
and sequenced several cDNAs that contained the entire replaced with one of several selection cassettes (Figure
coding sequence. The full-length sequence encodes a 2A). Three CENP-I alleles were found to be present in
753 amino acid polypeptide with a predicted molecular the chicken DT40 genome by fluorescence in situ hybrid-
mass of 86.9 kDa. The deduced chicken Mis6 protein has ization (FISH; data not shown). We sequentially trans-
56% amino acid sequence identity with human LRPR1, fected CENP-I disruption constructs containing either
52% amino acid identity with rat LRPR1, and 25% amino the histidinol or puromycin resistance cassettes into
acid identity with S. pombe Mis6 (data not shown). Like DT40 cells (Figure 2A) and isolated CENP-I// clones
fission yeast Mis6, the chicken Mis6 is basic (pI, 7.90) (Figure 2B). One CENP-I// clone was cotransfected
and relatively rich (45%) in hydrophobic amino acids. with a chicken CENP-I transgene under the control of
a tet-repressible promoter and a tet-repressible trans-
activator containing a zeocin (zeo) resistance cassette.Chicken Mis6 Homolog Associates with Chicken
Inner Centromeres and Is Designated CENP-I We selected zeo-resistant colonies and identified sev-
eral clones carrying these constructs integrated at ran-To determine the subcellular localization of the chicken
Mis6 homolog, green fluorescent protein (GFP) was dom sites in the genome (CENP-I///CENP-I transgene). Four
clones with CENP-I///CENP-I transgene genotype were trans-tagged to the C terminus, and the fused gene was ex-
pressed in DT40 cells. The fusion protein was functional fected with the neomycin CENP-I disruption construct
to disrupt the remaining CENP-I allele (Figure 2B). Weand able to fully suppress the phenotype of chicken
CENP-I Gene Disruption in DT40
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Figure 1. Chicken CENP-I Localizes to Centromeres throughout the Cell Cycle and Is Located in or near the Inner Kinetochore
(A) Localization of CENP-I-GFP at progressive stages of the cell cycle in DT40 cells. Cells were stained with anti-CENP-C antibody (red), and
green signals are specific for CENP-I-GFP. Nuclei and chromosomes were visualized by counterstaining with DAPI (blue). The scale bars
correspond to 10 m.
(B) Cells with expression of CENP-H-GFP (green) were fixed and stained with anti-CENP-I antibody (red). As shown in the merged images,
CENP-H-GFP signals are colocalized with CENP-I signals throughout the cell cycle.
(C) CENP-I localizes in or near the inner kinetochore. CENP-I-GFP signals (green) are internal to signals of anti-BubR1 (red) on the metaphase
chromosome (blue).
(D) ZW10 signals (red) are external to CENP-I-GFP-signals (green).
(E) CENP-C signals (red) are colocalized with CENP-I-GFP signals (green).
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Figure 2. Generation of a CENP-I// Clone Carrying a Chicken CENP-I Transgene under the Control of a Tet-Repressible Promoter
(A) Restriction maps of the CENP-I locus, the gene disruption constructs, and the targeted loci. Black boxes indicate the positions of exons,
and the targeted constructs are expected to disrupt four exons. EcoRI and SacI restriction sites are shown. The position of the probe used
for Southern hybridization is indicated. Novel 14.5–17 kb SacI fragments hybridize to the probe if targeted integrations of the constructs
occur.
(B) Restriction analysis of the targeted integration of the CENP-I disruption constructs. Genomic DNAs from wild-type DT40 cells (Wt), a clone
after first round targeting (//, 1st), a clone after second round targeting (//, 2nd), a clone after second round targeting and random
integration of the CENP-I transgene (// CENP-I, 2nd  cDNA), and a clone after third round targeting (// CENP-I, 3rd  cDNA)
were analyzed by Southern hybridization with the probe indicated in (A).
(C) Western blot analysis of M90 whole-cell extracts with anti-CENP-I antibody at the indicated times following addition of tet. Protein contents
of extracts were measured with the DC protein assay (Bio-Rad). Equal amounts of extracts were separated by SDS-PAGE and analyzed by
Western blot with anti-tubulin antibody.
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Figure 3. CENP-I Is Essential for Normal Progression of the Cell Cycle
(A) Representative growth curves for the indicated cell cultures. Tet was added at time 0 to the M90 CENP-I-deficient cell tet culture, and
the number of cells not stained with trypan blue was counted. Each experiment was performed twice, and each time point was examined in
duplicate.
(B) Total cell number plotted in (A).
(C) Cell cycle distribution of M90 cells following inhibition of CENP-I transgene expression due to addition of tet at time 0. Cells were stained
with FITC-anti-BrdU (y axis, log scale) to detect BrdU incorporation (DNA replication) and with propidium iodide to detect total DNA (x axis,
linear scale). The lower left box represents G1 phase cells, the upper box represents S phase cells, and the lower right box represents G2/M
phase cells. The numbers given in the boxes indicate the percentage of gated events. Arrows at 48 and 60 hr indicate further BrdU uptake
by cells with 4N DNA content. Cells with 8N DNA content were observed at 48, 60, and 72 hr.
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obtained two clones with the CENP-I///CENP-I transgene ge- FACS data with data from cytological analysis, we esti-
mated that 16% (52%  36%) of cells are in G2 phasenotype, and one clone, M90, was chosen for further
analysis. CENP-I protein in M90 cells was not detected at 48 hr (Figures 3C and 4B). In control cultures (0 hr),
3%–4% of cells are in mitosis (Figure 4B) and 18% ofby Western blot analysis at 48 hr after addition of tet
(Figure 2C), indicating that CENP-I is actively turned cells are in G2/M as determined by FACS (Figure 3C),
and 14%–15% of cells are in G2 phase. These dataover.
indicate that CENP-I-deficient cells accumulate in M
phase rather than G2 phase and that they arrest priorDeletion of CENP-I Results in Accumulation
to anaphase.of Cells in Prometaphase and Subsequent
Cell Death
The growth curve of M90 cells (CENP-I, tet) was
Deletion of CENP-I Causes Chromosomeindistinguishable from that of wild-type DT40 cells (Fig-
Aberrations and Leads to Chromosomeures 3A and 3B). M90 cells (tet) and wild-type DT40
Missegregationcells divided approximately nine times during the 96 hr
In the course of cytological analysis of CENP-I-deficientculture, which indicates that the doubling time of these
cells, we observed many abnormal mitotic cells withcells is approximately 10.6 hr (Figures 3A and 3B). We
hypercondensed chromosomes that failed to congressthen examined cell proliferation and viability following
normally to a metaphase plate (Figure 4A; 24, 48, andthe addition of tet to the medium. M90 cells (CENP-I,
72 hr). Eventually, the cells underwent apoptotic deathtet) stopped proliferating approximately 2.5 cell cycles
(Figure 4A; 72 hr). In controls, chromosomes appearedafter the addition of tet (Figures 3A and 3B), and most
ordered and aligned on the metaphase plate (Figure 4A;cells had died by 96 hr, indicating that depletion of
0 hr, metaphase).CENP-I results in growth arrest and subsequent cell
Control cells cultured in the absence of tet showeddeath.
well-ordered bipolar spindles during both metaphaseFor cell cycle analysis following CENP-I depletion in
and anaphase (Figure 4A; 0 hr). At 48 hr, most cellsM90 cells, we measured both cellular DNA content and
cultured in the presence of tet appeared to have normalDNA synthesis by fluorescence-activated cell sorting
bipolar spindles, but some contained multi- or monopo-(FACS) after pulse labeling with BrdU (Figure 3C).
lar spindles (Figures 4A and 4C). This might in part ac-CENP-IM90 cells (tet) started to accumulate in G2/M
count for the abnormal chromosome alignments de-phase 24 hr after addition of tet, reaching a maximum
scribed above; however, even in the 70% (48 hr afterby 36 hr (Figure 3C). After a prolonged delay in G2/M,
addition of tet) and 30% (72 hr after addition of tet) offurther uptake of BrdU occurred between 48 and 60 hr
mutant cells that had proper bipolar spindle poles, some(Figure 3C) as cells progressed to the next cycle without
chromosomes failed to achieve a proper alignment (Fig-undergoing cytokinesis (see below). Degradation of
ures 4A and 4C). In other cells, chromosome alignmentchromosomal DNA due to massive cell death was ob-
was completely disordered. Double staining of M90 cellsserved between 72 and 96 hr (Figures 3C and 4B).
with anti-tubulin and anti-CENP-A antibodies at 48 hrTo determine the exact nature of the mitotic delay, we
after addition of tet revealed that congressed chromo-used DNA staining and immunocytochemical staining
somes appeared to attach to microtubules, whereasof microtubules to examine the time course of events
misaligned chromosomes appeared not to be attachedfollowing the depletion of CENP-I (Figures 4A and 4B).
(Figure 4D). These results indicate that CENP-I, likeThe mitotic index began to increase at 24 hr and reached
CENP-H (Fukagawa et al., 2001), is required either di-36% at 48 hr after the addition of tet. We did not observe
any anaphase cells at 48 hr (Figure 4B). By considering rectly or indirectly for congression and/or maintenance
Figure 4. CENP-I-Deficient Cells Show Prometaphase Delay Associated with Aberrant Chromosomes and Spindles that Lead to Chromosome
Missegregation
(A) Chromosome morphology and -tubulin staining (green) in the absence or presence of tet. DNA was counterstained with DAPI (blue). In
the absence of tet, cells show the normal staining pattern for -tubulin (upper three panels). In the presence of tet, cells in which chromosomes
were not aligned at the metaphase plate were observed. Arrows indicate misaligned chromosomes at the metaphase plate or lagging
chromosomes in anaphase at 24 or 48 hr after addition of tet. Apoptotic cells were observed at 72 hr after addition of tet. An apoptotic cell
was detected by TUNEL assay (green). We also detected cells with monopolar and multipolar spindles. The scale bars correspond to 10 m.
(B) Quantitation of aberrant M90 cells following inhibition of CENP-I transgene expression after addition of tet at time 0. We scored the number
of interphase cells, normal metaphase cells, aberrant metaphase cells described in (A), anaphase cells, and apoptotic cells. Apoptotic cells
were detected by TUNEL assay.
(C) Quantitation of cells with misaligned chromosomes after addition of tet at time 0. Misaligned chromosomes were classified as bipolar
spindle with misaligned chromosomes, monopolar spindle, or multispindle.
(D) Double staining of M90 cells at 0 hr (tet) or 48 hr (tet) after addition of tet with anti--tubulin (green) and anti-CENP-A (red) antibodies.
Arrows indicate misaligned chromosomes that do not appear to attach to microtubules, although many other chromosomes appear to have
formed microtubule attachments.
(E) To examine chromosome loss, we used FISH analysis with chromosome-specific painting probes. We used painting probes for chicken
chromosomes 1 and 2. Because DT40 cells have three copies of chromosome 2, we detected five painted chromosomes in normal cells
(upper left panel). M90 cells with loss of chromosomes (upper right panel) and increase in chromosomes (lower panels) were detected after
addition of tet.
(F) Distribution of the number of painted chromosomes per cell. M90 cells were cultured after addition of tet. At the indicated time, cells were
treated with colcemid for 3 hr.
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Figure 5. Dynamics of Chromosomes and Microtubules in CENP-I-Deficient Cells by Time-Lapse Observation
(A) Selected images of chromosomes (upper) and microtubules (middle) from prophase to telophase in M90 cells (tet). In the superimposed
images (lower), chromosomes and microtubules are displayed in red and green, respectively. The numbers at the top of each image represent
the time from telophase in minutes. The scale bar corresponds to 10 m.
(B) From 40 hr after addition of tet, one prophase cell was followed for time-lapse observations. Selected frames are shown. Once the cell
entered mitosis, it was arrested at prometaphase for more than 800 min. At 859 min, the cell proceeded to the next cell cycle without normal
cell division. We observed interphase-type microtubules between 859 and 906 min.
CENP-I Gene Disruption in DT40
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Figure 6. CENP-I-Deficient Cells Proceed
through the Cell Cycle without Undergoing
Cytokinesis
(A) Immunofluorescence analysis of (pro)-
metaphase M90 cells at 0, 48, 60, and 72
hr after addition of tet with antibody against
BubR1 checkpoint protein (red). In the control
experiment (tet), cells were treated with col-
cemid for 3 hr before staining of BubR1. DNA
was counterstained with DAPI (blue). The
scale bar corresponds to 10 m.
(B) Quantitation of (pro)metaphase chromo-
somes with strong, weak, or no BubR1 signals.
The numbers of (pro)metaphase chromo-
somes with strong BubR1 signals decreased
following addition of tet to M90 cells.
of stable chromosome alignment and, ultimately, for from prophase to telophase. After addition of tet to M90
cells, we observed abnormal mitotic behavior (Figureprogression from metaphase to anaphase.
We next examined whether mitotic defects caused by 5B). Time point 0 in Figure 5B corresponds to 40 hr after
addition of tet to cultures of M90 cells. The cell shownCENP-I depletion were associated with the induction of
aneuploidy. We performed FISH analysis of metaphase in Figure 5B entered mitosis (2 min) as condensed indi-
vidual chromosomes appeared and the mitotic spindlespreads with chromosome painting probes specific for
chicken chromosomes 1 and 2. Because DT40 cells formed. However, chromosome congression to the
metaphase plate and subsequent anaphase were notcontain three copies of chromosome 2, five fluorescent
chromosomes can be observed for each wild-type cell observed. Instead, the cell remained arrested in pro-
metaphase for 800 min with hypercondensed chromo-(Figure 4E, upper left panel). As shown in Figure 4E, we
observed abnormal numbers of painted chromosomes somes. During this prolonged mitotic delay, the spindle
structure underwent a series of abnormal changes. Earlyin CENP-I-deficient M90 cells in the presence of tet. The
proportion of these aneuploid cells gradually increased after mitotic entry (Figure 5B, 2–22 min) a normal-looking
bipolar mitotic spindle formed. We subsequently ob-after 24 hr (Figure 4F), suggesting that CENP-I deficiency
induces chromosome missegregation. served fragmentation of the spindle poles (Figure 5B,
42 min) and formation of a multipolar spindle (Figure
5B, 25 and 257 min). After prolonged mitotic arrest, theDynamic Behavior of Chromosomes and
Microtubules in CENP-I-Deficient Cells chromosomes decondensed, and the mitotic spindle
disassembled without chromosome segregation (859–To determine the consequences of CENP-I deficiency
in greater detail, we observed the dynamic behavior 906 min). Ultimately, this cell underwent apoptosis (Fig-
ure 5B, 978 min).of individual living cells after suppression of CENP-I
expression (Figure 5; see Supplemental Movies S1 and
S2 [corresponding to Figures 5A and 5B, respectively] CENP-I-Deficient Cells Exit Mitosis without
Normal Cytokinesisat http://www.developmentalcell.com/cgi/content/full/
2/4/463/DC1). To visualize microtubules in living cells, FACS and cytological analysis showed that after a
lengthy prometaphase delay, M90 cells exited mitosishuman -tubulin gene fused with GFP was integrated
into the genome of M90 cells. We then stained the chro- without cytokinesis and underwent a further round of
DNA replication between 48 and 72 hr after the additionmosomes of living M90 cells expressing GFP-tubulin
with Hoechst 33342 and observed the cells microscopi- of tet (Figures 3C and 4B). These findings suggest that
the mitotic checkpoint is inactivated by 72 hr after thecally at 37C. An example of the time-lapse data for M90
cells in the absence of tet (control) is shown in Figure addition of tet. Accordingly, we stained the prometa-
phase-arrested cells with antibody against the BubR15A. We were able to observe a well-ordered metaphase
plate and bipolar spindle in control cells (6–18 min). checkpoint protein (Jablonski et al., 1998; Chan et al.,
1999). In controls, we stained the metaphase chromo-Chromosomes began segregating as the central spindle
elongated (22 min). Cells then underwent cytokinesis, somes of M90 cells (tet, CENP-I) arrested with col-
cemid and observed strong centromere staining ofthe mitotic spindle disassembled (24 min), and the chro-
mosomes decondensed (34 min). Phototoxicity induced BubR1 (Figure 6A,tet). We then stained chromosomes
of M90 cells with anti-BubR1 after addition of tet. Weby UV light irradiation is known to cause mitotic arrest.
To avoid this, we used an ND filter and did not observe detected BubR1 signals on some metaphase cells at 48
hr after addition of tet (Figures 6A and 6B). However,cells arrested at mitosis in control experiments. Control
cells (n 10) required approximately 34 min to progress the signal intensity became weak at 60 hr, and weak or
Developmental Cell
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Figure 7. Localization of Other Centromere Proteins in CENP-I-Deficient Cells
(A) Immunofluorescence analysis of M90 cells at 0 hr (tet) or 48 hr (tet) after addition of tet. Interphase cells were stained with anti-CENP-I,
anti-CENP-A, anti-CENP-C, and anti-CENP-H antibodies. Antibody signals were detected with Cy3-conjugated secondary antibodies (red).
DNA was counterstained with DAPI (blue). The scale bars correspond to 10 m.
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no signals were detected at 72 hr after addition of tet are mutually interdependent for targeting to the preki-
netochore structure and that both are necessary for(Figures 6A and 6B), suggesting that the association of
the checkpoint signaling proteins with the kinetochore CENP-C localization to centromeres.
Although our data showed that CENP-A localizationstructure is lost by 72 hr. In control experiments, if wild-
type cells were arrested with nocodazole for 60 hr, the did not change in CENP-I-deficient cells (Figure 7A), it
is possible that we observed only CENP-A that wasmajority of cells died, although 5%–6% of cells pro-
gressed to the next cell cycle. previously targeted to the centromere and that newly
synthesized CENP-A is not targeted to centromeres. To
address this question, we expressed CENP-A-3HA inLocalization of Other Centromere Proteins
M90 cells and detected it with anti-HA after addition ofin CENP-I-Deficient Cells
tet (Figure 7E). We found that newly synthesizedCENP-A, -C, and -H are thought to form a “prekineto-
CENP-A-3HA was targeted to the centromere in CENP-I-chore structure” that exists throughout the cell cycle
deficient cells.and marks the location of the centromere on the chro-
We showed that CENP-C staining was diffuse inmosome in vertebrate cells. To understand the role of
CENP-I-deficient cells by immunocytochemistry (FigureCENP-I in formation of the prekinetochore structure, we
7A). To confirm the mislocalization of CENP-C biochemi-asked whether CENP-I was required to target CENP-A,
cally, we extracted the CENP-C-enriched nuclear frac--C, and -H to the kinetochore. Interphase nuclei of M90
tion with 1 M NaCl. The majority of CENP-C in M90 cellscells were analyzed with antibodies against chicken
was detected in this fraction when cells were culturedCENP-A, -C, -H, and -I in the presence or absence of tet.
without tet. However, little CENP-C was detected in thisTypical results are shown in Figure 7A. In the absence of
fraction after addition of tet (Figure 7F).tet, all four antibodies gave strong, discrete signals on
interphase nuclei of M90 cells (Figure 7A, upper panel).
At 48 hr after the addition of tet, we could not detect Discussion
CENP-I signals in interphase nuclei of M90 cells, consis-
tent with the complete depletion of CENP-I (Figure 7A, CENP-I Is Required for Centromere Function
during Mitosislower left panel). CENP-A antibody gave positive signals
on interphase nuclei of CENP-I-deficient cells (Figure This study describes CENP-I, a novel essential compo-
nent of vertebrate centromeres, which has sequence7A, lower panel, lane 2); however, the normal prominent,
discrete CENP-C (Figure 7A, upper panel, lane 3) and similarity with the S. pombe Mis6 protein. CENP-I local-
izes to the centromere throughout the cell cycle inCENP-H (Figure 7A, upper panel, lane 4) signals were
absent. Instead, diffuse or weak signals for CENP-C and chicken DT40 cells. Simultaneous colocalization experi-
ments with CENP-I-GFP and antibodies against severalCENP-H were observed (Figure 7A, lower right panel).
We counted interphase cells that showed diffuse or centromere proteins suggest that CENP-I, like CENP-A,
-C, and -H (Saitoh et al., 1992; Warburton et al., 1997;weak signals (Figure 7B) and found that approximately
83% and 98% of interphase cells displayed diffuse Fukagawa et al., 2001), localizes in or near the inner
kinetochore plate. Phenotypic analysis of a conditionalCENP-C and CENP-H signals, respectively, after addi-
tion of tet (Figure 7B). loss-of-function mutant of CENP-I in the hyperrecombi-
nogenic chicken DT40 cell line reveals that CENP-I isImmunocytochemical analysis of CENP-I-deficient
cells showed that CENP-I is necessary for localization required for mitosis in vertebrate cells.
CENP-I-deficient cells underwent a lengthy delay inof CENP-H to the centromere. It was, therefore, of inter-
est to determine whether CENP-H was necessary for prometaphase, characterized by the presence of hyper-
condensed chromosomes and abnormal spindle struc-CENP-I localization to the centromere. To address this
question, we performed immunofluorescence analysis tures. The cells eventually exited mitosis following loss
of spindle checkpoint components from kinetochores,of the #5-5 cell line, which is a conditional loss-of-func-
tion mutant of CENP-H (Fukagawa et al., 2001). We pre- rereplicated their DNA, and ultimately underwent apo-
ptosis. Lengthy delays in prometaphase had previouslyviously showed that CENP-H signals were lost and that
CENP-C signals were diffuse in #5-5 cells 48 hr after been observed with targeted disruptions of the kineto-
chore proteins CENP-C and CENP-H (Fukagawa andaddition of tet (Fukagawa et al., 2001). We then analyzed
localization of CENP-I and found that CENP-I signals Brown, 1997; Fukagawa et al., 2001), suggesting that
this phenotype is characteristic of the loss of inner kinet-were also lost (Figures 7C and 7D) in CENP-H-deficient
cells. These results suggest that CENP-I and CENP-H ochore plate function in vertebrate cells.
(B) Quantitation of M90 interphase cells with diffuse CENP-A, CENP-C, and CENP-H signals. The graphs provide a quantitative representation
of the data. We scored approximately 2000 interphase cells.
(C) Immunofluorescence analysis of #5-5 (CENP-H, CENP-H transgene) cells grown in the absence (tet) or presence (tet, restrictive
conditions) of tet for 48 hr. Rabbit antibodies to CENP-H or CENP-I were applied to interphase cells and detected with Cy3-conjugated second
antibodies (red). DNA was counterstained with DAPI (blue).
(D) Quantitation of #5-5 interphase cells with diffuse or weak CENP-I signals. We scored approximately 2000 interphase cells.
(E) Immunofluorescence analysis of M90 cells transiently expressing CENP-A-3HA. M90 cells were cultured for 24 hr with tet and transfected
with a CENP-A-3HA construct. At 48 hr after addition of tet, cells were stained with anti-HA (red).
(F) Western blot analysis of the nuclear fraction of M90 cells extracted with 1 M NaCl with anti-CENP-C. C, cytoplasm fraction; N, 1 M NaCl
fraction. The CENP-C band is weak in the 1 M NaCl fraction after addition of tet.
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Role of CENP-I in Assembly of the Inner (confirmed by electron microscopy) could bind to micro-
Kinetochore tubules, and in some cases congress normally to a meta-
Recent data suggest that centromere-specific nucleo- phase plate (Tomkiel et al., 1994; Bernat et al., 1991).
some structures including CENP-A may determine cen- The affected cells eventually executed a highly aberrant
tromere identity (Karpen and Allshire, 1997; Ahmad and exit from mitosis following an extensive delay in pro-
Henikoff, 2001; Choo, 2001; Lo et al., 2001). However, metaphase. We concluded from those studies that as-
the mechanism of CENP-A loading into centromeric sembly of an ordered trilaminar kinetochore structure
nucleosomes and which proteins are involved with the is not required for microtubule binding, but may be re-
CENP-A-containing structure in vertebrate cells are not quired for the mitotic checkpoint to be inactivated fol-
understood. Mitotic defects caused by CENP-I defi- lowing chromosome attachment to the spindle (Bernat
ciency occur after passage through G1 phase (Figure et al., 1991).
3), suggesting that a functional “centromere chromatin” Our cytological and live-cell analyses of CENP-I-defi-
structure is formed during interphase. This was also the cient cells showed that many chromosomes attached
conclusion of prior experiments in which the cell cycle to microtubules and congressed normally, although in
effects of microinjection of anti-centromere antibodies each cell several chromosomes failed to align at the
were examined (Bernat et al., 1990, 1991). metaphase plate. The similarity of this phenotype to our
In fission yeast, CENP-A localization is altered in Mis6 previous antibody injection experiments and studies of
mutants, suggesting that Mis6 may be involved in CENP-H-disrupted cells suggests that kinetochores as-
CENP-A localization to the centromere (Takahashi et al., sembled in the absence of CENP-I can bind microtu-
2000). The situation in vertebrate cells appears to be bules but not inactivate the mitotic checkpoint. In sup-
different. We found that depletion of CENP-I does not port of this hypothesis, we observed that many of the
alter the discrete, typical centromeric signals of CENP-A, bioriented chromosomes in M90 cells arrested in pro-
whereas discrete centromeric CENP-C and CENP-H sig- metaphase 48 hr after the addition of tet showed positive
nals are lost in CENP-I-deficient cells (Figure 7). Further- labeling with the BubR1 checkpoint protein (Figure 4D).
more, the normally discrete CENP-I signals are diffuse This suggests that the prolonged mitotic delay observed
in CENP-H-deficient cells, indicating that CENP-H and in CENP-I-deficient cells is due to synergistic effects
CENP-I are mutually interdependent for targeting to cen- arising from defects in the kinetochore structure and
tromeres. A preliminary E. coli two-hybrid analysis using activation of the checkpoint.
CENP-H and CENP-I revealed that the N-terminal region The lengthy delay in mitosis observed in CENP-I-defi-
of CENP-H interacts with the N terminus of CENP-I (see cient cells eventually ends, and the cells exit mitosis
Supplemental Figure S1; details will be published else- without undergoing cytokinesis. This appears to reflect
where). Our present data, together with our previous the eventual adaptation of the checkpoint pathway,
results showing that CENP-H is necessary for recruit- leading to loss of checkpoint proteins such as BubR1
ment of CENP-C to form a functional centromere (Fuka- from the kinetochore (Figure 6). This may indicate that
gawa et al., 2001), suggest that formation of CENP-A- as previously seen with antibody-injected HeLa cells,
containing nucleosomes, which is mediated by unknown the mitotic checkpoint is only able to delay the exit from
factors, occurs first, and that CENP-H and CENP-I are mitosis for a limited time if a mitotic spindle is present.
then targeted to these structures, possibly as a macro- Whatever the explanation, the cells eventually exit from
molecular complex. CENP-C then interacts with mitosis, reform a nuclear membrane around the near-
CENP-A/CENP-H/CENP-I chromatin to form the kineto- tetraploid genome, and ultimately undergo apoptosis.
chore plate structure. The fact that microtubule binding and mitotic check-
Vertebrate CENP-I, unlike S. pombe Mis6, is not re- point signaling can proceed even though a number of
quired for centromere targeting of CENP-A in our model.
essential components of the inner kinetochore plate are
A similar conclusion has recently been reached using
absent reveals that kinetochore assembly does not fol-
microinjection with anti-Mis6 antibody (T. Yen, personal
low a simple linear ordered assembly pathway in verte-communication). Also, Measday et al. (2002) reported
brates. Partial outer kinetochore function can be ob-that Ctf3p, the Mis6 budding yeast homolog, is not re-
served even when assembly of the inner kinetochorequired for loading of CENP-A homolog Cse4p onto CEN
structure is disrupted. Furthermore, these results sug-DNA. As will be seen below, our results suggest that
gest that one function of the inner kinetochore plate mayvertebrate kinetochores may not be assembled in a sim-
be to create a foundation that enables the checkpointple linear pathway.
proteins in the outer kinetochore to detect when the
chromosome is properly attached to the spindle.CENP-I Is Required for Normal Mitotic
Progression Experimental Procedures
Individual CENP-I-deficient cells observed in real time
by live-cell analysis after addition of tet were delayed Molecular Biology
in prometaphase for more than 10 hr and underwent The chicken Mis6/LRPR1/CENP-I gene was isolated by degenerate
RT-PCR of mRNA extracted from DT40 cells. The sequences of thean aberrant mitosis. This phenotype resembled that of
degenerate primers were 5-TC(ACG) A(AG)(AG) CA(AG) TG(AGT)CENP-H-deficient cells (Fukagawa et al., 2001) or cells
AT(AG) TT-3 and 5-TA(CT) AA(AG) TT(CT) TT(CT) GC(ACT) CC-3.injected with anti-CENP-C antibody (Tomkiel et al.,
We screened a chicken testis cDNA library (Stratagene) with the
1994). Inactivation of CENP-C has previously been RT-PCR product as a probe. We used the chicken CENP-I cDNA
shown to alter or disrupt kinetochore structure in af- as a probe to isolate genomic clones specific for CENP-I from a
fected cells (Tomkiel et al., 1994). In that and other stud- DT40 genomic DNA library.
Full-length CENP-I cDNA was cloned into the EcoRI site ofies, we showed that cells with disrupted kinetochores
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pUHD10-3 (Fukagawa et al., 2001) to yield a tetracycline-sensitive used in this study was purchased from Applied Precision. For tem-
perature control during microscopic observations, the system wasexpression plasmid, pUHD-CENP-I. The left (4.5 kb) and right (4.5
kb) arms of the CENP-I disruption constructs were cloned sequen- assembled in a custom-made, temperature-controlled room (Hara-
guchi et al., 1997, 1999). Time-lapse images were recorded at 2 mintially into pBluescript. For the disruption constructs, the histidinol
(hisD), puromycin (puro), or neomycin (neo) resistance cassette un- intervals with an exposure time of 0.2–0.3 s.
der control of the 	-actin promoter was inserted between the two
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